S
hort term associations between temporal day-to-day variations in outdoor air pollutants concentrations and day-to-day variations in total and cause specific mortality have been evidenced by many time series in the last decade. [1] [2] [3] Long term effects of air pollution on mortality have been evaluated in three American prospective cohort studies. The Harvard Six Cities study followed over 15 years a cohort of 8111 adults. 4 The American Cancer Society (ACS) study followed prospectively from 1982 to 1989 a cohort of 552 138 adults. 5 The Adventist Health Study of Smog (ASHMOG study) followed a cohort of 6338 non-smoking California Seventh-day Adventists (SDAs) since 1997. 6 After controlling for age, sex, cigarette smoking, educational level, body mass index, and other risk factors, results showed that relatively low concentrations of fine particles could be associated with reduced survival. Cardiopulmonary mortality was significantly associated with concentrations of particulate air pollution in the Six Cities study 4 and in the ACS, 5 but not in the ASHMOG study. 6 A recent paper doubled the follow up time to more than 16 years for the ACS study and concluded that long term exposure to combustion related fine particulate air pollution is an important environmental factor for cardiopulmonary and lung cancer mortality. 7 However, these studies have been conducted in North America, and only one study has been published on long term effects from the Netherlands Cohort study on Diet and Cancer (NLCS) in Europe. 8 The authors followed up 5000 adults aged 55-69 years over eight years; results showed that cardiopulmonary mortality was associated with living near a major road, with a relative risk of 1.95 (95% CI 1.09 to 3.52).
Based on the PM 10 (particles with an aerodynamic diameter ,10 mm) data from these American studies, a recent report estimated the health impact of outdoor air pollution, including pollution specifically from road traffic in France, 9 and the authors noted the limitation of using data from the USA where air pollution is different from that in Europe.
The initial aim of the PAARC survey (Pollution Atmosphérique et Affections Respiratoires Chroniques/Air pollution and chronic respiratory diseases) conducted in 24 areas of seven French towns in 1975-76 was to investigate the effect of air pollution on chronic respiratory diseases. [10] [11] [12] The aim of the present analysis was to estimate long term effects of air pollution on mortality in a large sample of the French population with a specific interest in aspects modifying the effect estimates. Analyses have been performed taking into account individual risk factors, various indicators or air pollution (and in particular an indicator of traffic pollution), and potential spatial clustering.
METHODS

Study population
The detailed protocol of the PAARC study was published elsewhere. 10 Briefly, 24 areas in seven French towns (Bordeaux, Lille, Lyon, Mantes la Jolie, Marseille, Rouen, Toulouse) were selected.
The choice of the areas was based on a three step procedure. First, based on 1961-71 available air pollution data in the seven cities (availability of such data in 1971 was a preliminary condition for the various cities to participate), a first choice of contrasted measurement points was made in order to have quantitative (low, intermediate, high) and qualitative (acidimetric method and black smoke) contrasted pollution between the various points of measurement, and when possible between points of each city. In a second step, areas were chosen around potential measurement points, taking into account all available information on pollution and feasibility regarding population density in the areas, using 1968 census data. In a third step, air pollution measures were set up in these areas with standard methods, and a quality control programme was set up in parallel with a pilot survey conducted on a 10% sample of the planned survey.
Inclusion criteria for enrolment between 1974 and 1976 were: being a member of a French family household in the area for three years or more, and aged 25-59 years. The head of the family that was a manual worker was excluded to avoid masking the effect of air pollution because of another heavy exposure. In a face to face interview, a questionnaire was completed which included questions about age, sex, weight, height, smoking history, occupational exposures, and other characteristics. The mobility of the population during the follow up period was assessed for a 10% randomised sample of the population 13 by searching the subjects on national phone files in 2000, using name, first name, and address in 1974.
Air pollution exposure assessment Specific standardised measurements sites were set up for each chosen area 10 in 1974; each area varied in diameter from 0.5 to 2.3 km. Pollutants were selected and measured according to the epidemiological knowledge and methods available in the 1970s; they essentially reflected pollution due to combustion of fossil fuels in industrial and domestic use. Sulphur dioxide (specific (SO 2 ) and acidimetric method (AM)), total suspended particles (TSP, gravimetric method), black smoke (BS, reflectometry), nitrogen dioxide (NO 2 , colorimetric analyser), and nitric oxide (NO, colorimetric analyser) were measured in each area at a centrally located pollution monitoring station. All analyses were made in local laboratories according to validated methods with a control programme implemented to compare labs: differences between labs were reported to be small. Measurements were performed every day except in August during three years (1974-76) for all pollutants except sulphates which were measured in smaller periods (12-36 months) . Means over this period were used in statistical analysis.
A study based on an overlapping period (3-4 years) of measurements by two air pollution networks in Bordeaux showed a marked decrease in the heterogeneity of air pollutants over the 25 year period for each area, but keeping the initial ranking of the areas. Results also showed that differences between areas occurred mostly before the initial survey and in the following five years. 14 
Vital status
Vital status was first searched for all subjects born in France (17 805 subjects) over three years in each place of birth, in some cases by a specific investigator. Data were completed using a new facility allowing a computerised search through a national register (RNIPP). Two computerised searches were performed (August 2000 and June 2001 after extensive data checking). Unknown vital status primarily related to sex, with significantly more unknown status for women due to changes in surname, but was unrelated to air pollution. From the original data, all persons included by one investigator in Lille were excluded, as too many data appeared invalid (900 subjects, 5%). Vital status was available until June 2001 (2533 deaths, 11 753 alive, and 2619 unknown), and cause of death until December 1998. Causes of death were obtained through the specialised department (SC8) of the National Institute of Health and Medical Research (INSERM) and for 96% of subjects. They were coded according to the International Classification of Disease, eight and ninth Revision codes (ICD-8 and -9).
Confounders
Confounders taken into account were sex, smoking habits, educational level, body mass index (weight/height 2 ), and occupational exposure to dust, gases, and fumes estimated by a population based job exposure matrix (JEM). 15 For each job present in the population, the proportion of subjects exposed to dusts, gases, and fumes using the self-reported dichotomous variable was calculated by sex. A two class JEM was then built by considering as exposed any job for which more than ''x'' per cent of the subjects with this job reported themselves exposed, choosing ''x'' in such a way that the prevalence of exposure was the same using the JEM and the self-reported data. 15 Smoking habits considered were non-smokers, passive smokers (exposure by the spouse), former smokers, and current smokers with (9 g/day, 10 to (19 g/day, and >20 g/day as cigarettes, cigars, or pipe. 16 Educational level was classified as primary, secondary, and university level.
Statistical analysis
Adjusted mortality relative risks (RRa) were estimated using Cox proportional hazards regression models, 17 using Proc Phreg from SAS 6.8 (SAS Institute, Inc., Cary, North Carolina) using models with delayed entry to take into account left truncation. 18 Age was chosen as the basic time scale in order to adjust the mortality risk non-parametrically for age. 19 For subjects who died, survival times were age at date of death. For surviving participants who were not lost to follow up, censored survival times were age at the date of the collection of vital status. Subjects without vital status were considered lost to follow up and excluded. Models were run for each pollutant separately. Air pollutant level (continuous variable) and three categorical indicators (below or above the median, quartiles, or area (24 class variable) were used in all analyses. Analyses were conducted to evaluate the robustness of the models. Models were performed according to age, sex, smoking habits, body mass index, educational level, occupational exposure, and stratified by. Cox proportional hazard models were estimated for all non-accidental causes of deaths (ICD-9 codes ,800) and separately for the cause-ofdeath categories: cardiopulmonary disease (ICD-9: 401-440 and 460-519) and lung cancer (ICD-9: 162). For each causeof-death, deaths not in that specific category were censored at time of death. Analyses were also run for the first 10 years to decrease the influence of the mobility of the subjects and because air pollution levels in the different areas tend to become homogeneous in the recent period.
The PAARC survey design incorporates a grouping of the participants into 24 areas from seven cities, and this may induce a correlation of the observations. It is therefore possible that some unmeasured environmental or socioeconomic factors shared by the members of the same areas could play a confounding role. Analysis of dependent survival data by the classical Cox proportional hazard model using N Additional long term studies with a fine exposure assessment are needed for the development of effective policies.
conventional partial likelihood methods may give a biased estimate of the regression coefficient and underestimate their variance, leading to incorrect inferences. We thus considered a ''frailty model'' to take into account the grouping of the subjects in the different geographical areas. In this random effects model, the hazard function depends partly on an unobservable random variable thought to act multiplicatively on the hazard. The survival package developed for R 20 (http:// www.cran.r-project.org/) has been used to implement the frailty models. This approach, first developed by Therneau for S, used a penalised likelihood to estimate the parameters. 21 We have tested heterogeneity of the survival times between the areas and also between the cities.
The analyses have been performed systematically for all 24 areas and in the subgroup of 18 areas defined by a ratio of NO/NO 2 ,3 (in ppb), corresponding to monitoring stations not traffic dependent according to ADEME criteria. 22 The six areas excluded were Bordeaux3, Marseille2, Marseille3, Toulouse1, Toulouse2, and Toulouse3, for which NO/NO 2 varied between 2.25 (Toulouse 3) and 4.26 (Marseille 2). Factors associated with mortality Mortality risk was higher for men than for women: RR = 2.33 (95% CI 2.14 to 2.53) and strongly associated with smoking habits. Risk of all-cause mortality was significantly higher in the smokers groups, particularly in the heavy smokers, than in no smokers, and very high for specific causes, particularly lung cancer (able 3). Mortality was also significantly related to occupational exposure: RR = 1.27 (95% CI 1.16 to 1.40). Table 4 shows the difference between results based on 24 areas and 18 areas respectively. No association was observed for the 24 areas. By contrast, after excluding the six areas with high NO/NO 2 ratios (.3), associations between air pollutants and mortality were evidenced. Subjects from the 18 areas compared to the other six areas had similar smoking habits and body mass index, were significantly younger (42.0 v 42.6 years), more often occupationally exposed (24.2 v 22.0), and had lower educational level (15.6 v 19.5 with a university degree). All these variables were included in multivariate analyses. Before adjusting for confounders, exposure to TSP, BS, and NO 2 was significantly associated with all-cause mortality, exposure to NO 2 with lung cancer mortality, and exposure to TSP with cardiopulmonary mortality.
Multivariate analysis was conducted for each pollutant using the mean concentrations for the period 1974-76. After adjusting for age, sex, body mass index, educational level, smoking habits, and occupational exposure, TSP, BS, NO 2 , and NO were significantly associated with all non-accidental mortality: RRa associated with 10 mg/m 3 changes in pollutant were 1.05 (1.02 to 1.08), 1.07 (1.03 to 1.10), 1.14 (1.03 to 1.25), and 1.11 (1.05 to 1.17), respectively (table 4) .
We observed a significant positive association between NO 2 and lung cancer: RRa associated with a 10 mg/m 3 changes in pollutant was 1.48 (1.05 to 2.06). Cardiopulmonary mortality was associated with NO 2 : RRa associated with a 10 mg/m 3 changes in pollutant was 1.27 (1.04 to 1.56) (table 4). Figure 2 presents air pollution related mortality RR ratios after stratifying by sex, smoking habits, occupational exposure, educational level, and adjusting for all other risk factors. The differences across sex strata were not consistent according to air pollutants and causes of death.
A pattern emerged from this analysis: the association with air pollution and all-cause mortality was stronger for subjects with occupational exposure. Also, for all-cause, cardiopulmonary, and lung cancer mortality, the RR estimates were higher for current or former smokers. We observed a significant positive association with TSP air pollution for both allcause and cardiopulmonary mortality for participants with less education.
Spatial clustering
When studying the non-accidental mortality, the variance of the frailty parameters, for cities as areas were significantly different from zero after adjustment. This means that it remains a geographical correlation of the survival data even after adjustment. However we did not observe major changes in the estimates; the standard errors of the air pollution effects were not modified except for NO 2 and NO. No heterogeneity between areas was observed on the lung cancer mortality nor on the cardiopulmonary mortality after adjustment for air pollutants (data not shown).
Sensitivity analysis
Restricting the analysis based on 18 areas to the first 10 years (until 1986), the same results in the estimated associations between air pollution and mortality were observed leading wide CIs according to the smaller number of cases (data not shown). Until 1986, 489 deaths occurred: 123 deaths for cardiopulmonary disease and 42 for lung cancer. A sensitivity analysis was performed to assess the potential influence of subjects lost to follow up. Results were not different from those excluding subjects lost to follow up. The validity of the proportional hazards assumption was tested for gender by integrating an interaction with time in the final Cox models. This interaction was significant when studying cardiopulmonary mortality. In this case a stratification on gender was made.
DISCUSSION
The analysis of the PAARC study conducted on all 24 areas in a first step did not show significant relations between air pollution and mortality in a large sample of the French population over a 25 year period. The second step analysis based on 18 areas after excluding those likely influenced by traffic exhibited significant relations. Results show the importance of excluding traffic related monitoring stations as the associations were only significant after exclusion of such areas. Overall, results confirm published findings from the American 7 and European studies. 24 The initial aim of the PAARC survey was to assess the relations between air pollution and ventilatory function and the prevalence of respiratory symptoms. In each city, areas were chosen with contrasted levels of air pollution, and a fixed air monitoring station was implanted especially for the study, very close to the residence of the subjects.
Limitation of exposure data
The number of carefully controlled measurement sites (24 areas) provide to the PAARC survey a large range of exposure level. Nevertheless, our results show the influence of exposure assessment on the estimation of the association between air pollution levels and 25 year mortality. For six areas, the NO/NO 2 ratio of the monitoring data was high, suggesting that the exposure measure was heavily influenced by the local traffic and, so, non-representative of the mean exposure of the population of the entire area. NO is the principal component of the NOx emissions by cars. The somewhat arbitrary criteria (NO/NO 2 .3) we chose is an indication of the closeness of the station to a very busy roadside, 22 25 26 and corresponds in the study to the upper quartile of all monitor stations. Our choice was reinforced by the fact that the stations with a high NO/NO 2 ratio had a high (upper quartile) level of black smoke, too, suggesting an overestimation of the mean population exposure in the area (table 1). It is reassuring that some of the stations of the excluded areas were already qualified as potentially non-representative due to an important road traffic at the time of the survey. We hypothesise that the monitoring data at the beginning of the PAARC study in these six areas were not representative of the mean exposure of the population in the entire areas, and keeping them in the analysis led to a measurement error which tends to decrease the association between air pollution and mortality.
In the Harvard Six Cities study, exposure was assessed on a longer period but with only one air monitoring station in each city, and in the ACS study individual exposure was assessed by zip code. In the AHSMOG study, interpolations of ambient air concentrations from fixed monitoring stations (within 50 km) to zip code centroids of work and home locations of study participants were used. In that study, the assessment of PM 10 was mostly indirect, using a conversion from TSP measures based on a two year period with both measures, 27 giving imprecise assessment as TSP levels may have changed differently with time than PM 10 or PM 2.5 levels. 28 It is a strength of our study that the subjects studied lived in a 2.3 km distance from the monitoring station. Recently, the cohort from Netherlands used a different approach based on a geographic information system. The authors characterised exposure with the measured regional and urban background concentration and an indicator variable for living near major roads. 29 The difference with the US study is that they assessed exposure on a smaller spatial scale.
In the PAARC survey, air pollution data were recorded for only three years, but to be included in the study, subjects had to be in the area for three years or more. At baseline in 1974, 50% of the individuals had stayed more than nine years in the same residence (25th centile: 5 years; 75th centile: 16 years). Even if we estimate that all subjects moved at the beginning of the study, the means levels of air pollution in 1974-76 will be a good estimate of the chronic exposure on the period before their inclusion. Our analysis does not take into account the evolution of air pollution over time. The assessment of 23 years' black smoke evolution conducted in Bordeaux, based on air pollution networks showed a decrease in pollution whatever the area. 14 However, although decreased, the differences at the beginning of the period between areas remained 23 years later in a smaller proportion. Furthermore, a recent study conducted in France in the same cities confirmed the decrease in levels of air pollution whatever the city. 23 Comparing our results with published findings from the six cities, the ACS and AHSMOG studies are somewhat limited because available data to update the estimates of air pollution indicators are different. The great majority of epidemiological studies in Europe used particle metrics such as black smoke for which large datasets are available. Furthermore, diesel traffic contributes substantially to current outdoor air pollution in French urban areas, whereas in north America the proportion of diesel traffic is relatively weak. Hoek et al used black smoke and NO 2 in the cohort of the NLCS study, 8 and our results for these pollutants and mortality are similar. Assuming that BS correspond to particles of an aerodynamic diameter ,4.5 mm, 30 results may be compared to those on PM 2.5 . In the ACS study, the adjusted mortality RR associated with a 10 mg/m 3 change in PM 2.5 was 1.06 (1.02 to 1.11) and 1.07 (1.03 to 1.10) in the PAARC study. Therefore, observations of a long term effect of particulate air pollution on mortality are consistent in the USA and in Europe.
Statistical analysis
Whatever the study, statistical analyses were based on Cox proportional hazard models. In the analysis of the six cities and the ACS studies, the time variable was survival time from date of enrolment. The subjects were stratified according to sex and five year age groups; each sex-age group had its own baseline hazard. The AHSMOG study used age as a covariable or as the time variable (for lung cancer mortality). For our analysis of the PAARC study, we used models with age as the time variable and with delayed entry, in order to adjust mortality risk non-parametrically for age. However, conclusions were similar when modelling parametrically the effect of age (results not shown).
Confounding factors
The analysis took into account a substantial number of confounding factors, recorded by questionnaire in 1974-76. However, smoking habits and occupational exposure may have changed in the follow up period. The loss of information on smoking habits is not important because subjects were 25-50 years old at recruitment, and it is uncommon to start smoking after this age. 31 Smoking habits were taken into account qualitatively (never, past smokers) and quantitatively with the number of grams of tobacco/day. Passive smoking was also included in the models. The strong expected associations of the smoking variables with specific causes of death confirm the relevance of the chosen indicators. Occupational exposure to dust, gases, and fumes could also evolve during these 25 years, but no information was available. The occupational exposure based on a population specific job exposure matrix 15 was shown previously in the analysis of morbidity to perform better than individual self-reported exposure in large populations, such as in the PAARC survey. We found that occupational exposure or Table 4 Adjusted* mortality rate ratios (and 95% confidence intervals) expressed for 10 mg/m smoking habits seems to increase the effect of particles, a. pattern possibly related to cumulative exposure to oxidants, which play a critical role in respiratory diseases. 32 33 A reanalysis performed by the HEI showed that the association between an increase in fine particles and mortality tended to be higher for individuals without a high school education than for those who had completed high school or those with more than a high school education.
34 A modifying effect of educational level was observed on the association of TSP to all-cause mortality (clear effect only for subjects with a primary level of education), but the pattern was not consistent for the other pollutants, or the other causes.
Available data regarding the mobility of the subjects showed that less than half of the subjects were likely to be in the same city after 25 years; the analysis at 10 years was also an attempt to decrease the influence of mobility on exposure in relation to mortality. Regarding the American studies, mobility was only assessed at 12 years in the Six Cities study and varied between 13% and 32%. 34 Relative risk of fine particle exposure for all-cause mortality in the nonmover group was comparable to that for the entire sample. For the other studies the analysis was always based on the residential address at the time of recruitment.
Quantification of the health impact of air pollution has increasingly become a critical component in the policy discussion. 9 35 Estimation and interpretation of the long term results are difficult. Nevertheless, results of cohort studies are critical in this debate, 36 as an assessment based solely on results of time-series studies could seriously underestimate the impact of air pollution on long term mortality. The American cohort studies found significant associations between particles and long term mortality. These results have been questioned, 36 but their validity and their robustness have recently been confirmed by the reanalysis of the HEI. 34 Our results show an association between air pollution levels assessed in the 1970s and long term mortality in France, when we exclude from the analysis the areas with monitoring data with a high NO/NO 2 ratio indicative of an overestimation of the mean exposure of the entire area. Caution in the interpretation of our data is needed due to the somewhat crude character of the simple criteria we used to select the areas.
Knowledge about the biological mechanisms of particles 37 38 or nitrogen dioxide 38 on human health has progressed, and has shown that air pollution induces lung damage (inflammation), reduces lung function, and leads to respiratory distress and cardiovascular disease. In the light of current scientific knowledge, our results are consistent with other available data which support the hypothesis of a causal relation between air pollution and health. 39 However, further European data are necessary to understand better the health impact of air pollution. deaths. They also thank G Pédrono for her help in spatial clustering analyses, J Lellouch for comments on the first version, and an Nitrogen dioxide RR (95% CI) Figure 2 All-causes adjusted mortality rate ratios expressed for 10 mg/m 3 of air pollution after stratifying by sex, smoking habits, occupational exposure, educational level, and adjusting for all other risk factors; 18 areas with NO/NO 2 ,3 (in ppb).
